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The three-level excitation method for solid state masers, including some 
background material on paramagnetic resonance, is reviewed. With respect 
to the experimental application of the maser material, two cases can be dis- 
tinguished. In the first, maser action is based mainly on a favorable re- 
laxation time ratio in signal and idler transitions. It is shown that the 
relaxation time ratio can be changed artificially by a doping technique. 
Experimental evidence, is presented for two such doping techniques, one 
self-doping, the other impurity doping. In the second case, maser action is 
based primarily on a favorable frequency ratio of signal and idler transi- 
tions. Maser experiments using this approach are described. In addition, 
excitation of unidirectional gain and attenuation by circular polarization 
is discussed. Properties of practical isolator materials are surveyed; they 
include high-concentration paramagnetic and polycrystalline ferrimagnetic 
materials. 

I. INTRODUCTION 

In 1956, Bloembergen 1 proposed a three-level excitation scheme for 
obtaining microwave amplification by stimulated emission of radiation 
in paramagnetic solids, or three-level solid state maser (3LSSM) for 
short. It is superior to many other microwave amplifiers in that its 
noise contribution to an amplified signal should be virtually negligible 
compared to other noise sources in a system. The principal advantage 
of a solid slate maser over a gaseous maser is that the amplified band- 
width should be of the order of megacycles, a magnitude sufficient for 
many communication applications. In contrast to the two-level solid 
state masers, its gain factor should be constant in time. 

* Tins work was supported in part by the U. S. Army Signal Corps under Con- 
tract DA-36-039 so-73224. 
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Experimental work has confirmed the theoretical predictions. It has 
been shown that microwave energy can be extracted from paramagnetics 
by stimulated emission. 23 ' 4 If the circuit employed consists of a micro- 
wave resonant cavity, the energy extracted can be used to maintain 
either oscillations or amplification depending on the choice of the 
coupling parameter. Three paramagnetic salts have been used as active 
materials. These are gadolinium ethyl sulfate, 2 potassium chromicyanidc 3 
and ruby. 4 Gain and bandwidth obtained are in agreement with theoreti- 
cal expectations. Noise measurements have indicated that maser noise 
is of the magnitude expected. 

More recently, traveling wave masers (TWM) have been developed, 
as described in the accompanying paper. 5 A TWM is a transmission 
device which can be designed to be nonreciprocal. That is, power travel- 
ing from the input to the output is amplified while power traveling the 
opposite direction is attenuated. A nonreciprocal TWM offers several 
advantages over a cavity-type maser. Among these are greater gain 
stability, larger instantaneous bandwidth and the possibility of elec- 
tronic tuning over a wider frequency range. Gain stability is of great 
practical importance because in many applications, gain fluctuations 
deteriorate the system's performance in the same way as noise. 

In this paper, the active materials aspect of 3LSSM is treated. View- 
points are presented on how a given paramagnetic spectrum can be 
used efficiently in maser applications. Two typical modes of operation 
are described for active maser materials. Properties of both are evaluated 
and illustrated by experimental results obtained with gadolinium ethyl 
sulfate and ruby. Also, those material aspects are discussed which are 
relevant to nonreciprocal behavior. 

II. PARAMAGNETIC RESONANCE IN CRYSTALS 

Consider a dilute concentration of paramagnetic ions placed in a dia- 
magnetic host crystal. Obeying quantum laws, each ion can exist in one 
of several energy states. The number of such states is 2$ + 1, where 
S is the effective spin associated with the ion. The energy of any state 
stems from two contributions. One is Zeeman energy, that is, magneto- 
static interaction of an applied magnetic field with the magnetic moment 
of unpaired electrons within the paramagnetic ion. The other is elec- 
trostatic in nature and leads to "zero field splitting", that is, separation 
of energy levels in the absence of an external magnetic field. This latter 
interaction takes place between the electrostatic field due to neighbors 
of the ion considered and the electronic charge present in the orbital 
states of the ion. It is apparent that this zero field energy will reflect 
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Fig. 1 — Three-level system in thermal equilibrium. 

the geometry of the ion environment. As a rule, energy levels are about 
equally spaced if the magnetic energy outweighs the zero field energy. 
The spacing is rather unequal in the other extreme. 

Fig. 1 shows a three-level scheme which may be part of a scheme of 
more levels. It is assumed that all three transitions between these are 
reasonably probable. This can be ascertained by calculations or, prefer- 
ably, by direct observation of the transitions. A transition from E { to 
Ej is excited by radiation of frequency v {j = {E t - E,)/h, where h is 
Planck's constant. Experimentally, absorption of power at this frequency 
is observed. 

If the ions are in thermal equilibrium with the crystal lattice, the 
average numbers of ions found in each state are related by Boltzmann's 
distribution law 

n,/nj = e '^-^n (1) 

Here /.■ is Boltzmann's constant and T the absolute temperature of the 
lattice. This distribution is indicated in Fig. 1, where the length of each 
line representing an energy level is made proportional to its population. 
The thermal contact between ions and lattice occurs through relaxation 
processes which, to some degree, may be described by a relaxation time 
nj . This time may be visualized as the average time of ions in state i 
before relaxing to state./. In thermal equilibrium, as many ions must go 
from i toj as go in the opposite direction. With the help of (1), we thus 
find 

/ / -lBi-Ej)lkT / 9 \ 
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This equation indicates that the relaxation time is shorter for ions in a 
higher state. For present purposes, this result as based on Boltzmann 
theory may he sufficient. It might be mentioned, however, that, follow- 
ing Einstein, the situation of (2) can be described by the concept of 
spontaneous transitions. These occur only in the downward direction 
and thereby enhance this relaxation rate. In still another, more modern 
treatment, 7 the inequality of the two relaxation times in (2) follows di- 
rectly by taking into account the quantum nature of lattice vibrations or 
radiation field. 

With transitions excited by radiation of frequency va , the rate of 
transitions is described by the transition probability uty . The transition 
probability due to applied radiation is the same for upward and down- 
ward transitions, w,j = w } i . The energy absorbed from the exciting 
field is one quantum hvu per transition. The power absorbed per unit 
volume is therefore 

Pa = hv u Wij(pj - p,). (3) 

Here i denotes the higher state and p denotes the density of ions in each 
particular state. Power is emitted rather than absorbed if the densities 
are "inverted," p, > p, . 

The transition probability can be written 8 



m 



w,j = i\j) ^"-"^i H " ■ »«' ■ (4) 

Here g(v — v,>) is a normalized function describing the line shape as a 
function of frequency, fg(i> — Vij)dv = 1; the line is centered at va . 
H rf is the exciting rf magnetic field and \x u is the magnetic dipole moment 
associated with the transition from state i to ,/. Bold face symbols are 
used to indicate vector (and tensor) quantities. The asterisk (*) denotes 
the conjugate complex, that is, a quantity having the opposite time de- 
pendence. Using Dirac's bracket notation, this dipole moment is defined 
quan turn-theoretically by 

V«-00<j|S|t) = ¥,.,-*. (5) 

Here g is the spectroscopic splitting factor, a number usually close to 2, 
/3 is the Bohr electronic magneton, S is the vector spin operator whose 
components are S x , S„ and S, . It should be pointed out that both H rf 
and y,ij are varying in time like exp(t«,;0- This implies the possibility 
of phase differences between the components of y,-> or the components of 
H rf . An important example is that of circular polarization. With respect 
to some reference system, y i; has components p, and \x u equal in am- 
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plitude but 90° out of phase. Such a transition is excited by the corre- 
sponding circularly polarized rf magnetic field, but not by circular 
polarization of the opposite sense. This property can be used to give 
nonreciprocal gain and attenuation in the same way as the gyromag- 
netic behavior of ferrites is utilized in unidirectional passive devices. 

Since Wa is proportional to the incident power, the absorption can be 
described, on a macroscopic scale, by the imaginary part x" of suscepti- 
bility, where x" is independent of power at low power levels. It is a ten- 
sor defined by 

P,j = K,-MnH rf * • x"i ■ H rf . (0) 

By comparison with (3) and (4) we find 

H rf * • x''; • H rf = -y g(v - Pij)( P j - p,)H rf * • UijVu* ■ H rf . (7) 

This representation shows the tensor character of x" a • The properties 
of the tensor with respect to polarization of H r , in space and phase are 
described by the dyadic product y,, y,>* . This also shows that this tensor 
is degenerate. Instead of three nonvanishing eigenvalues it has only 
one, namely | m, | 2 with the associated eigenvector. The eigenvector 
represents the polarization of the magnetic moment y (J with respect to 
space and phase. Magnitude and polarization of y,; in (5) can be calcu- 
lated in a standard quantum theoretical fashion. Maximum transition 
probability occurs if y u and H rf have the same polarization, which in 
general will be elliptical. 

As an example, we give the numerical values of imaginary part x" of 
susceptibility for a particular transition in ruby. This transition occurs 
between — f and — \ states (see Fig. 2) at a field of 3.97 kilo-oersted ap- 
plied perpendicular to the crystalline axis. Its transition frequency is 
5.85 kmc. It is the same line Avhose inversion is discussed below and 
which is employed in the TWM described in the accompanying paper. 5 
We compute the quantities x+ and x- , which are the values of x" tor 
excitation with circular polarization. The circular polarization is defined 
in an x-y plane where the 2-direction coincides with the applied dc 
magnetic field. The magnitude of x+ is defined by 

| X+ I - (H rf+ * • 2C" • H rf+ )/(H rf+ * • H rf+ ) (7a) 

and similarly for x- • 

The ruby crystal is the commercial "pink sapphire" produced by 
Linde Company. The chromium content of 0.05 per cent substituting for 
aluminum indicated by the manufacturer was verified by chemical 
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Fig. 2 — Energy-levels of Cr +++ in ruby as function of magnetic field applied 
perpendicular to crystalline symmetry axis. 



analysis. 9 We thus have po = 2.35 X 
density difference 



10' 9 Cr 



ions cm 3 . For the 



P-3/2 — P-l/2 



hv 



2S + 1 kT 



po 



10 18 cm 3 . Assuming a 



we find, at T = 1.6°K, p_ 3/2 - p_i /2 = 1.04 X 
Lorentzian line shape, at the line center <7(0) = 2/irAv, where Av = 6 X 
10 7 sec -1 is the measured full line width at half intensity. Using the 
eigenvectors evaluated in Ref. 8 and (5), we find | p + | 2 = 5.08 X 10~ 
erg 2 oersted -2 and | p_ | 2 = 0.57 X 10" 40 erg 2 oersted -2 . The resulting 
numbers for susceptibility by circular excitation are x+ = 0.0166 and 
X- = 0.0018, respectively. 
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This can be compared with measurements in the TWM which yield 
X+F+ = 0.0002, where F+ is the filling factor for positive circular polari- 
zation. By definition, F + < %. We find F+ = 0.37. Since this filling factor 
is about what should be expected on the basis of TWM geometry, the 
comparison of the calculated %+ and the measured x+F+ shows the 
consistency of experimental data with theoretical computation. 

Saturation effects can be discussed considering both relaxation proc- 
esses and rf excitation present. The population Wi then changes ac- 
cording to 

— - = -\ iiiWij + rijWij. (8) 

at t,j Tji 

With steady-state conditions, dn./dt = 0. From this equation, the fol- 
lowing features are easily deduced If the exciting field is weak, warn « 
1 , the ratio n./w,- is the unperturbed Boltzmann ratio (1). If the exciting 
field is strong, WaTi } » 1, saturation occurs; that is, n, = tij . The Boltz- 
mann difference between r?,and nj is reduced to half its value with 

WijTij = 1. 

III. THREE-LEVEL EXCITATION 

In the three-level maser, a saturating "pump" signal is applied be- 
tween levels 1 and 3 (see Fig. 1) so that n x — » n 3 . The population m then 
will be determined by 

dn^ _ _ Hi _ iin m , n 3 
dt T L .i T 2S n2 r 32 

Applying steady state conditions and relations like (2), 



1 + eX P I 77^ 



iii 



(hvv\ . Ti2 



(9) 



where, with the pump transition saturated, m/ni = 1. Under this condi- 
tion, the equation indicates that it would be rather accidental if no/ni = 
1. If rti/tii > 1, stimulated emission could be obtained at vn . This situa- 
tion is indicated in Fig. 3. If ;?>/>?i < 1, that is, n 3 /n 2 > 1, maser action 
could be obtained at v 32 . 

For further discussion, let us identify arbitrarily v-n or vn with the 
signal frequency ^ sig , and the other frequency with idler frequency vm . 
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Fig. 3 — Energy-level scheme to demonstrate maser action. 



Iii analogy to (1), we may introduce a spin signal temperature T aie by 



V2 = e -< A W**W 



(10) 



where i is the upper state and j the lower state of the signal transition. 
Also, we expand the exponential functions in (9) and (10) to the linear 
term. This is frequently justified under experimental conditions. Even 
where it is not, the resulting simpler equations show the qualitative 
features more clearly. We find 



T - 

1 Big 



1 +^ 

Tj<|l 

i _ Is!* i^iL 1 

Tidl J'sig 



(n: 



We may define as "inversion" the quantity —T /T aie . It is easily meas- 
ured in a TWM as the ratio of gain with saturating pump power to 
attenuation without pump power, both expressed in decibels. To obtain 
large gain and bandwidth from a given number of ions in a crystal at 
T , the inversion should be as large as possible or the negative T B \ B should 
be as small as possible. This suggests that it would be desirable for 
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(12) 



and 



"idl/j'sie » 1- 



(13) 



ACTIVE MATERIAL IN THREE-LEVEL SOLID STATE MASERS 343 

In most experiments performed up to now, however, maser action was 
based on one of these ratios being large, while the other was not appre- 
ciably different from unity. Consequently, it is convenient to distinguish 
between "relaxation time ratio operation" of 3LSSM, where (12) is satis- 
fied, and "frequency ratio operation", where (13) is satisfied. Both modes 
of operation will be discussed in more detail below. 

Before entering this discussion, however, let us now consider two 
interesting refinements of (11). The first is concerned with saturation of 
the signal transition. It will determine the upper limit of the dynamic 
range of a maser amplifier. For this, a transition probability w ais at the 
signal frequency v aie is introduced. Instead of (11) we then find 

1 + — ) ( 1 + W sie — ) 

To . _ Tsig Vidl 

Tidl V B ig 

The numerator shows that, in saturating a maser signal, the applied rf 
field has to overcome the shunted signal and idler relaxation times. Thus, 
in general, the maser signal saturates at a higher power level than the 
same line in the absorbing state. If both relaxation times are appreciably 
different, this shunted value is essentially the shorter of the two. The 
difference in saturation levels is drastic, therefore, if the idler relaxation 
time is short compared to the signal relaxation time. 

The other refinement considered is the effect of incomplete saturation 
of the pump transition. Such considerations are important with the 
application of very high pump frequencies. For a description of incom- 
plete saturation, a pump temperature T pump is defined analogously to the 
signal temperature hi (10). The resulting modification of (11) is 



T 1+^ 

To 



Tidl ''sig \ Vjdl Tpump/ 



(15) 



The denominator shows that, with comparatively high pump frequencies, 
appreciable inversion can be achieved with slight saturation of the pump 
transition. Suppose a certain inversion results from complete saturation 
(^pump - * °°) at pump frequency i/ pump . With the relaxation time ratio 
unchanged, the same inversion occurs with pump frequency Ppump = 
av pump (a is a number greater than unity) and pump temperature T pamp = 
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aT /(a - 1). For example, with v' pamp = 2 j> pump , this requires T pump = 
2 To . In this sense, pump frequency can be traded for pump saturation. 



IV. RELAXATION TIME RATIO OPERATION 

We have defined this operation by t b \Jt\ A \ » 1, while PidiAsiK is n °t 
specified but not too far from unity. From (11), we thus find 

T a -JT = -W"idi. (16) 

Following the discussion of (14), a particularly attractive property of 
this operation is that the inverted signal transition saturates at a rather 
high power level in proportion to the idler relaxation time. By the same 
token, after a very strong signal resulting in saturation of the signal 
transition, the amplifying condition is restored in a short time, of the 
order of the idler relaxation time. 

Unfortunately, experimental data about relaxation times are rather 
scarce. Usually, our experiments have yielded relaxation time ratios 
close to one; only in exceptions have they been as high as five. Also, 
there is no adequate theory of relaxation processes that would enable 
one to compute conditions leading to large relaxation time ratios. This 
difficulty was bypassed by Scovil and Feher using a technique of impurity 
doping. 2 We explain this technique by considering the effect of concen- 
tration on relaxation times. 

At very low concentrations, ions do not interact with each other. The 
individual resonance lines are narrow, but slightly displaced with respect 
to each other, as a result of random local fields. The observed over-all 
line is "inhomogeneously" broadened. 10 In this range, line width and 
relaxation time should be independent of concentration. With higher 
concentration, spin-spin interaction comes into play in two ways: (a) 
the dc magnetic field associated with neighboring spins produces addi- 
tion inhomogeneous broadening; (b) the rf magnetic field associated 
with spins during relaxation type transitions leads to "homogeneous" 
broadening in excess of the inhomogeneous. This can be visualized as a 
resonant coupling between spins which results in a broader line of identi- 
cal frequency for every ion. The homogeneous broadening increases 
proportionally to ion concentration. Gadolinium ethyl sulfate as a maser 
material is used in a range where homogeneous broadening outweighs the 
inhomogeneous broadening effects by about a factor of two. This is the 
case with a concentration of 0.5 per cent gadolinium in a diamagnetic 
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host crystal of lanthanum ethyl sulfate. Some measurements in this 
concentration range in our laboratory have indicated a rather strong 
dependence of relaxation time on concentration. A typical value found 
is a reduction in relaxation time by a factor of 10 upon doubling the ion 
concentration. This applies to the pump relaxation time, too, indicating 
a rather strong concentration dependence of pump power required to 
saturate the pump transition. In practice, one uses as high an ion con- 
centration as is compatible with the pump power which is available and 
which can be dissipated in the cryostat, in order to have maximum gain 
and bandwidth per volume of maser material. 

In the doping technique, an additional transition is used, whose fre- 
quency coincides with that of the idler transition and whose dipole mo- 
ment is similar to that of the idler. Spin-spin interaction will then be effec- 
tive at the idler frequency, which can be regarded as due to an effective 
increase of ion concentration. As a result, the idler relaxation time is 
shortened considerably. On the basis of the figure given above, a reduc- 
tion in relaxation time by a factor of 10 might be expected for an effective 
doubling of ions in the idler transition. It should be pointed out, however, 
that at lower ion concentrations such as are typical of inhomogeneous 
broadening, no doping effects are observed. In this range, the idler re- 
laxation time is essentially unaffected by the doping transition. 

The doping transition may be one between other levels in the same 
ion energy level scheme. We call this case "self-doping condition." 
Alternatively, the doping condition can be provided by a transition of 
another ion spectrum within the same crystal lattice. This case we call 
"impurity doping condition." An advantage of this latter case is the free 
choice of impurity concentration which allows one to control the strength 
of doping action. 

We will illustrate this type of operation by describing the use of ga- 
dolinium in a crystal of hydrated lanthanum ethyl sulfate containing 
cerium as an additional impurity. Fig. 4 shows part of a measured spec- 
trum of a crystal containing 0.5 per cent gadolinium and 0.2 per cent 
cerium. Resonance fields for a signal frequency of 6.298 kmc arc plotted 
versus the angle between applied magnetic field and crystalline axis. 
Experimentally, doping conditions are found at crossover points of lines 
in an observed spectrum. The energy-level diagrams indicating the dop- 
ing conditions at points a and b in Fig. 4 are shown in Fig. 5. Relaxa- 
tion times were measured by the saturation method. With uncluttered 
_3 ^ _i an{ j _i <_> _|_i i mes> the relaxation times are nearly the 
same. At point a, the -§ <-» +3 relaxation time T id i is reduced by a 
factor of 5. The effect is comparatively small because the +f and +| 
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Fig. 4 — Part of measured paramagnetic resonance spectrum of lanthanum 
etby] sulfate containing gadolinium and cerium. 



levels are not very populated at 1.5°K. As should be expected from (1 1) 
with a frequency ratio jVi«n/j» 8 j K = 0.94, the measured inversion obtained 
by applying pump power to the — § «-» -\-\ transition was —T /T B \ K = 
0.5. At point b, reduction in run was by a factor 10. In agreement with 
this, inversion observed was —T /T a i e = 0.8. Possibly the near cross- 
over of +f <-> +-£ is helpful in achieving the large reduction of ridi . 
For it was found that strong doping was effective even when idler and 
doping frequency differed by as much as 100 mc, i.e., more than the line 
width (30 mc). Further tests showed saturation of the inverted signal 
at about 10 times the saturating power required for the absorption sig- 
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Fig. 5 — Energy-level scheme to describe self- and impurity-doping conditions 

nal. In our slow-wave structure, the respective power levels were 32 mw 
and 3.2 mw. After a complete saturation, the amplification is restored 
to within J of its steady-state value within 20 microseconds indicating 
Tidi ~ 10 microseconds. The signal transition is almost completely cir- 
cular. Thus, the degree of nonreciprocity in gain is limited by the per- 
fection of the microwave structure only. In a test slow-wave structure 
exhibiting a slowing of 100 compared to velocity of light, essentially uni- 
directional gain of 4.5 db/cm was obtained. 

While this material shows appreciable power-handling capacity and 
fast recovery, it is not too well suited for practical application because of 
chemical instability and mechanical weakness. Somewhat disadvanta- 
geous, too, is the low pump-transition probability at the frequencies used 
in our experiments, which has to be overcome by high pump fields. Also, 
because of nearly equal level spacing, vm/v^ e tt 1 and inversion will be 
limited to order 1. These disadvantages are avoided by the use of ruby 
at the expense of somewhat lower gain, lower signal saturation and 
slower recovery. 

V. FREQUENCY RATIO OPERATION 

Equation (11) suggests that inversion can always be achieved by a 
sufficiently large ratio vm/v s ; e independent of T 8i g/Tidi . From a practical 
point of view, there are limits to this approach. For a given signal fre- 
quency, the highest useful ratio vid\/p 9 \ s is restricted by pump power 
sources available at high microwave frequencies. Depending on the 
power requirements, this limit lies presently between perhaps 35 and 100 
kmc, unless optical, incoherent power sources could be utilized. Also, one 
would like to use for practical masers only such operations where the 
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relaxation time ratio t b \Jt^\ is at least not below unity. If this is satis- 
fied, one might expect an inversion of order 

— T /T Bie « i»idi/2i»Bta . (17) 

The inversion could be improved with a more favorable relaxation time 
ratio. 

For our experiments with frequency ratio operation at low signal fre- 
quencies, the energy-level diagram of ruby ' ' was used with mag- 
netic field applied perpendicular to the crystalline symmetry axis. This 
diagram is shown in Fig. 2. Use of the perpendicular orientation is sug- 
gested by the observation that all lines are reasonably narrow (of order 
60 mc in 0.05 per cent ruby) and correspondingly intense at this orien- 
tation and that all possible transitions are reasonably probable. For a 
signal frequency of about 5.8 kmc, two transitions are available. One is 
between +i and -ff levels at about 1.0 kilogauss. With a pump fre- 
quency of about 15 kmc between either — ^ or — -^ and -f-g-, no inversion 
was observed but only saturation of the signal. This indicates an un- 
favorable relaxation time ratio of about ts-^/tuu = 0.7. The other signal 
transition occurs between — f and —J levels at a field of 3.97 kilogauss. 
The — 1 «-* +| transition is used for pumping at a frequency of about 
18.5 kmc. The inversion found is —T /T B i K = 0.95. Thus, the relaxation 
time ratio T B - ig /Tidi = 1.45 favors this maser operation. 

Both relaxation times are rather long, of the order ^ second. Conse- 
quently, gain saturation at the output sets in at a fairly low level of 6 
microwatts c.w. output power in our structure. The power level of satura- 
tion can be appreciably higher in pulsed operation. This can be under- 
stood by considering the energy stored in the inverted spin system. As 
long as pulses repeat in a time shorter than the relaxation time, it is only 
the average power which determines the saturation behavior. Thus, with 
a 10 -3 duty cycle, saturation was observed at peak power of 6 mw. 

VI. OPTIMIZATION OF MASER MATERIAL OPERATION 

From the preceding discussion, it is apparent that the distinction of 
relaxation time ratio operation and frequency ratio operation is some- 
what artificial. This classification is justified, however, because both 
cases offer viewpoints for the experimental approach to maser operation. 
They allow one to predict maser action with a reasonable chance of 
success from the knowledge of the energy-level diagram only. In the 
relaxation time ratio operation, the respective ion concentrations are the 
only critical parameters whose effect has to be investigated experimen- 
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tally. They have to be compatible with the doping effect and pump power 
available. In the frequency ratio operation, similarly, maser action is 
assured if the line is homogeneously broadened, if the pump power avail- 
able is sufficient for saturation and if the relaxation time ratio is not too 
unfavorable. It is clear that an ideal maser material should exhibit both 
a large frequency ratio W"aig within practical limits set by available 
pump power sources and a large relaxation time ratio r^g/ridi . To ac- 
complish the first, paramagnetic materials with high zero field splitting 
are required. To accomplish the second, another similar spectrum of a 
different ion or ion site within the same host crystal could be used for 
doping the idler relaxation time. This approach requires a rather intimate 
knowledge of the involved paramagnetic spectra, but there is little 
doubt that more ideal maser materials will be found as development 
continues. 

VII. NONRECIPROCAL ATTENUATION 

The development of unilateral TWM depends on the availability of 
elements exhibiting nonreciprocal attenuation. In contrast to conven- 
tional ferrite nonreciprocal devices, which operate at room temperature 
and at a magnetic field adjusted for optimum performance of the device, 
the nonreciprocal behavior in the TWM must be achieved at a low tem- 
perature and at a field dictated by the maser operation. Two practical 
solutions have been found so far, while others may appear useful in the 

future. 

The first approach uses the same paramagnetic material as that sup- 
plying maser gain, but with positive signal temperature. Experimentally 
it was established that the pump power used in the ruby TWM (of order 
100 mw) is not sufficient to saturate the pump transition of a higher con- 
centration (0.9 per cent) ruby. At the signal frequency, only very slight 
reduction in attenuation was observed. Thus it is possible to place low- 
and high-concentration materials together into the same structure, with 
one exhibiting gain and the other attenuation. Suppose a forward wave 
in the structure produces right circular polarization in one region, left 
circular in another. Both gain and isolator materials interact with right 
circular polarization only. Thus, we place gain material in the right 
circular region so that it amplifies the forward wave. Isolator material 
in the left circular region does not interact with the forward wave. A 
reverse wave, however, produces the opposite senses of circular polari- 
zation. This can easily be verified by the observation that, aside from 
absorption, a reversal of direction of propagation is equivalent to a 
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change in sign of time. Thus, the right circular polarization of the reverse 
wave interacts with the isolator material, but not with the gain material. 
Ideally, pure forward gain and pure reverse attenuation should result. 
In practice, the reverse-to-forward ratio of attenuation has an upper 
limit, C, the circularity of the signal transition, which then will be further 
reduced by variation of the degree of circular polarization in the micro- 
wave structure. The same applies to the forward -to-reverse ratio of gain. 
For the ruby signal transition discussed before, C = | x+ 1/1 X-l — 
8.95. 

One obvious advantage of using the same paramagnetic ion for amplifi- 
cation and for isolation is that the resonance condition will always occur 
at the same magnetic field. The isolator will automatically track the 
amplifying material with electronic tuning. One disadvantage is that 
pump power will be absorbed by the isolator. It is not saturated at the 
pump frequency and therefore absorbs a major fraction of the pump 
power. 

This difficulty could be avoided by using a different paramagnetic ma- 
terial as isolator. In practice, this approach may be rather difficult be- 
cause the resonance line considered should occur at a magnetic field 
given by the maser operation and, in addition, it should exhibit high 
circularity. 

The other approach is to use ferrimagnetic materials. Investigations 
on the resonance behavior of ferrimagnetic materials at liquid helium 
temperature are being carried out by F. W. Ostermayer of Bell Telephone 
Laboratories. While he shall report his results in detail, we mention some 
typical features. Three ferrimagnetic polycrystalline materials have 
shown useful resonance properties at helium temperature. They arc 
yttrium iron garnet, yttrium gallium iron garnet and nickel zinc ferri- 
spinel. From a room temperature line width usually below 50 oersteds, 
the helium temperature line width is of the order of 1000 oersteds for these 
materials. The strength of the resonance absorption decreases accord- 
ingly. Still, the resonance absorption is very strong compared to gain 
or attenuation due to paramagnetics. Therefore the ferrite volumes used 
in a TWM are extremely small. The resonance field can be shifted to the 
field required for the maser action within a range set by the saturation 
magnetization by shaping the ferrite sample. The shape follows from the 
demagnetizing factors, which in turn are calculated from Kit t el's 1, reso- 
nance condition. 

Two such isolators have been tested as parts of a TWM. One used 
0.020-inch diameter spheres of yttrium gallium iron garnet and was 
used in conjunction with the maser operation of gadolinium ethyl sul- 
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fate described before. The applied field of about 2.1 kilogauss provided 
resonance conditions for both the active material and the isolator. Re- 
verse-to-forward attenuation at helium temperature was better than 30. 
The other is a rectangular slab of nickel zinc ferrispinel with 0.010- by 
0.020-inch cross section having the length of the maser slow wave struc- 
ture. Its resonance field is sufficiently close to that of the — f to — ^ line 
in ruby at 5.85 kmc and with crystalline symmetry axis perpendicular 
to the applied magnetic field. Maser operation using this line is described 
above. At helium temperature, the ratio of reverse to forward attenua- 
tion in the nickel zinc ferrispinel isolator is better than 10. In both cases, 
the isolator reverse attenuation is adjusted to exceed the forward maser 
gain slightly. Due to the large ferrimagnetic line width, no great care 
has to be taken to have the maser magnetic field coincident with the field 
of the resonance isolator. By the same token, tracking over reasonably 
wide bands by electronic tuning is not difficult. A decisive advantage of 
ferrimagnetic isolation is the small interaction of the ferrimagnetic 
material with the pump frequency. Also, the figure of merit favors this 
type of isolation, so that it appears as the more attractive possibility. 

VIII. SUMMARY 

The use of active materials in three-level solid state masers has been 
discussed. Experimental data have been presented for two typical para- 
magnetic salts used as active materials in masers. Maser action in these 
materials can be analyzed in terms of two important modes of operation 
that make use of either a favorable ratio of signal to idler relaxation time 
or a favorable ratio of idler to signal frequency. It has been pointed out 
that more ideal maser materials can be developed that combine the ad- 
vantages of both modes of operation. Some mention has been made of 
the use of paramagnetic and ferrimagnetic materials for low-temperature 
isolators. While the experimental results warrant the use of some ma- 
terials presently available in practical traveling-wave masers, apprecia- 
bly improved characteristics can be expected from better materials yet 
to be developed. The application of active and isolator materials to a 
traveling-wave maser is treated in the accompanying paper. 
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